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Introduction {#sec1-1}
============

As a protective mechanism for maintaining brain homeostasis, the blood-brain barrier (BBB) restricts the access of large molecules into the brain parenchyma from systemic circulation. While this feature is imperative for brain health at the physiological condition, it becomes a major hurdle in developing biological-based drugs to treat central nervous system (CNS) disorders. For example, animal studies have shown that neurotrophic factor therapy is a promising treatment for Parkinson's disease (PD), yet those proteins must be administered by non-systemic means such as local injection in order to retain sufficient levels in the target areas (Domanskyi et al., 2015; Sulivan and O'Keeffe, 2016; Sampaio et al., 2017; Barua and Gill, 2018). This drawback greatly holds back the translational potentials of neurotrophic factor therapy. A major strategy in the current CNS drug delivery research is to boost drug transport at the interface of BBB using multiple approaches, such as increasing the permeability of BBB by focused ultrasound, facilitating receptor-mediated transport and endocytosis, and modifying drug configuration by approaches such as nanomaterials, liposome, and biodegradable polymers (Shah et al., 2013; Patel et al., 2017; Zhou et al., 2018). An alternative strategy is to bypass the BBB *via* the nose-to-brain pathway, which is known for decades and is currently used clinically for delivery of certain non-peptide drugs. As for chronic neurological conditions, intranasal insulin therapy for dementia and/or Alzheimer's disease (AD) is one of the most intensively studied areas (Avgerinos et al., 2018).

Insulin receptors (IR) and accessory proteins are widely distributed in the brain (Pomytkin et al., 2018); however, the major function of insulin is not related to regulating glucose transport in neurons and glial cells. Despite its well-known central effects on regulating energy metabolism and synaptic plasticity, insulin could also act like neurotrophic factors to activate the PI3K pathway in neurons (Ramalingam and Kim, 2016). Therefore, intranasal insulin could hold therapeutic potential for not only the AD but also other neurodegenerative disorders. For example, intranasal insulin was shown to be neuroprotective in animal models of various CNS disorders, including human immunodeficiency virus infection (Mamik et al., 2016), traumatic brain injury (Brabazon et al., 2017), and stroke (Lioutas et al., 2015). In a previous study, we reported that intranasal insulin significantly increased the survival of substantia nigra (SN) dopaminergic (DA) neurons and ameliorated motor behavioral deficits in 6-hydroxydopamine-lesioned rats (Pang et al., 2016). Therefore, the present study is to further extend our previous work by assessing insulin bioavailability and potential biological response in the nigrostriatal pathway following intranasal administration of recombinant human insulin (rh-Ins).

Material and Methods {#sec1-2}
====================

Animals and treatment {#sec2-1}
---------------------

A total of 35 adult male Sprague-Dawley rats (250 g, from Envigo, Denver, CO, USA) were used. Rats were allowed to acclimate to the Laboratory Animal Facility for 1 week before experiments. On the day of treatment, rats were anesthetized by inhalation of isoflurane (Henry Schein Animal Health, Dublin, OH, USA) and laid on a supine position, and a 10 µL (20 µg) bolus of rh-Ins (Cell Science, Newburyport, MA, USA) dissolved in phosphate buffer solution (PBS) was applied to each of the nasal cavity using a 10 µL pipette. Rats were kept on the supine position under anesthesia for an additional 5 minutes, and then returned to their cages. At 15 minutes, 1, 2, and 6 hours following intranasal treatment, rats were sacrificed to prepare fresh brain tissue. Brains were quickly micro-dissected into the following regions: the olfactory bulbs (OB), striatum, thalamus plus hypothalamus, hippocampus, subtantia nigra (SN) plus ventral tegmental area (VTA), cerebellum, brainstem, and cerebral cortex. Tissues were snap-frozen in dry ice and stored at --80°C.

For fluorescence tracing study, Alexa Fluor 546-labeled insulin (Alex546-Ins; Nanocs Inc., Farmingdale, NY, USA; 10 µg in 10 µL PBS for each nostril) was applied to rats in the same way as described above. At 10 and 30 minutes, rats were deeply anesthetized and rapidly perfused intracardially with ice-cold saline followed by 4% paraformaldehyde. Brains were post-fixed in 4% paraformaldehyde for 2 hours and then cut into free-floating sagittal sections (45 µm thickness) using a microtome (Leica Biosystems, Buffalo Grove, IL, USA). This study was conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care Committee at the University of Mississippi Medical Center (protocol 1333A) on June 29, 2015.

Enzyme-linked immunosorbent assay (ELISA) {#sec2-2}
-----------------------------------------

Brain tissues were weighted before extracting total protein. Tissues were homogenized by sonication in 2× volume of Tissue Lysis Buffer supplemented with protease inhibitor cocktails (ThermoFisher Scientific, Waltham, MA, USA). Tissue lysis was centrifuged at 12,000 × *g* for 10 minutes, and the supernatant was transferred to a new Eppendorf tube. Total protein concentration was determined by BCA method (Smith et al., 1985). For ELISA, 100 µL of tissue supernatants were used in 96-well plate format. Two positive control samples were included in each ELISA: a serum sample from diabetes patients (supplied in the ultrasensitive human insulin ELISA kits from Alpco, Salem, NH, USA) and a diluted sample of rh-Ins (100 pg/mL diluted in lysis buffer). Results were presented as pg/mg wet tissue.

Immunohistochemistry {#sec2-3}
--------------------

To directly visualize Alex546-Ins distribution, sections were stained with 4′,6-diamidino-2-phenylindole (DAPI, 0.2 µM in PBS) for 10 minutes, briefly washed with PBS, and mounted on slides. For co-labeling Alex546-Ins with neuronal markers or pAkt, double or triple immunofluorescence staining was performed. Sections were blocked with 10% normal goat serum and 0.5% triton in PBS for 30 minutes at room temperature and incubated with primary antibodies: neuronal nuclei (NeuN) at 1:500 (Sigma, St. Louis, MO, USA), tyrosine hydroxylase (TH) at 1:800 (Sigma), insulin at 1:400 (Santa Cruz Biotechnology, Hercules, CA, USA), and pAkt at 1:300 (Cell Signaling Technology, Danvers, MA, USA)) overnight at 4°C. The next day, sections were washed with PBS and then incubated with secondary antibodies conjugated with biotin, Alexa Fluor 488 (1:400), or Alexa Fluor 350 (1:400) (ThermoFisher Scientific, Grand Island, NY, USA) at room temperature for 1 hour. Sections were washed in PBS, mounted on slides, and air dried. DAPI (100 nM) was included in the mounting medium if necessary. Sections were viewed under a fluorescence microscope (Nikon NIE, Nikon Instruments Inc., Melville, NY, USA) and images were acquired by Nikon Nis Element software (Nikon Instruments Inc.).

Statistical analysis {#sec2-4}
--------------------

Due to a highly skewed distribution, data were first log transformed and then analyzed by one-way analysis of variance (ANOVA; for a normal distribution) or one-way ANOVA on rank (for non-normal distribution), followed by Bonferroni or Dunn's *post hoc* analysis. All comparisons were made between time-points within insulin treatment (15 minutes to 6 hours) and the control (0 minute) for a particular brain region, and *P* \< 0.05 is considered statistically significant.

Results {#sec1-3}
=======

Spatiotemporal profiles of brain insulin distribution {#sec2-5}
-----------------------------------------------------

The specificity of the ELISA kit for rh-Ins was first validated based on positive controls of human insulin and rat samples from the control group. The calculated concentration of two positive controls in each ELISA consistently reached within 5% range of predicted values. The concentration of rh-Ins from PBS-treated control rats were all below detectable limit, therefore they were assigned a value of 0. As shown in **[Table 1](#T1){ref-type="table"}**, significant amounts of rh-Ins were detected in all brain regions except the cerebral cortex in rh-Ins-treated rats. Rh-Ins reached the peak value at 15 minutes and declined substantially overtime, but remained significantly higher than baseline levels in most regions at 6 hours. Neither the dorsal or ventral division of the cortex showed a significant increase over baseline at any time points.

###### 

Recombinant human insulin concentration (pg/mg tissue) in different brain regions over a 6-hour period

                          0 minute   15 minutes      60 minutes     120 minutes    360 minutes
  ----------------------- ---------- --------------- -------------- -------------- -------------
  OB                      0          179.5±62.0\*    133.7±54.4\*   39.4±6.5\*     31.9±7.6\*
  Striatum                0          198.1±101.3\*   74.8±28.1\*    16.3±5.1\*     7.7±2.0\*
  SN/VTA                  0          217.6±73.8\*    92.7±15.3\*    40.4±12.2\*    47.6±7.0\*
  Hippocampus             0          140.9±82.6\*    47.2±5.9\*     8.3±4.9        11.8±4.5
  Thalamus/hypothalamus   0          92.7±29.0\*     16.8±6.7       8.7±8.7        32.2±13.4\*
  Brainstem               0          257.9±175.6\*   185.1±98.5\*   110.2±29.3\*   45.6±7.2\*
  Cerebellum              0          260.0±166.3\*   153.6±63.4\*   86.7±81.0\*    20.4±4.2\*
  Dorsal cortex           0          41.8±25.6       20.3±7.9       0              0
  Ventral cortex          0          0               18.35±8.0      5.4±1.4        0

Data represent mean ± SEM from five rats in each group. \**P* \< 0.05, *vs*. 0 minute (one-way analysis of variance followed by Bonferroni *post hoc* analysis). OB: Olfactory bulb; SN: subtantia nigra; VTA: ventral tegmental area.

Fluorescence tracing revealed specific binding of insulin to neurons in various brain regions {#sec2-6}
---------------------------------------------------------------------------------------------

Since ELISA data suggest that insulin levels peaked in less than 1 hour, we next examined brain insulin distribution by fluorescence microscopy at 10 and 30 minutes. Rat brains were rapidly perfused and fixed following intranasal administration of Alex546-tagged rh-Ins, and serial sagittal sections were prepared for either directly examining red fluorescence bindings by fluorescence microscopy, or combined with immunohistochemistry for further identification. The results showed that bright red fluorescence was widely distributed in the brain. Consistent with ELISA results, we found that the OB and brainstem are two regions showing the most intense fluoresce signals, but other regions including the cerebellum, SN/VTA, hippocampus, and striatum, also showed substantial fluorescence bindings, while the cerebral cortex especially the outer layers (I--IV) showed very little signals (**[Figure 1](#F1){ref-type="fig"}**), although scattered fluorescence-tagged cells were noted in deep layers (V--VI). When comparing fluorescence intensity at 10 and 30 minutes, there were no significant differences noted in OB, brainstem, cerebellum, but it apparently increased in deeper structures such as the thalamus and SN-VTA regions (**Figure [1G](#F1){ref-type="fig"}** & **[H](#F1){ref-type="fig"}**).

![Distribution of Alex546-insulin binding cells in the rat brain following intranasal application.\
Alex546-Ins binding cells were found widespread in the rat brain. Representative images showing Alex546-binding cells (red) in the OB (A), hippocampus CA2 (B), thalamus (C), hypothalamus (D), brainstem (E), and cerebral cortex (F) at 30 minutes. Although fluorescence intensity was similar in the OB and brainstem, it was significantly increased in the SN from 15 minutes (G) to 30 minutes (H). Nuclei were counted-stained with DAPI (blue) in A--F. Scale bars: 50 µm. OB: Olfactory bulb; SN: subtantia nigra; DAPI: 4′,6-diamidino-2-phenylindole.](NRR-14-1046-g001){#F1}

Based on the morphology of DAPI-stained nuclei, the majority of red fluorescence labeled cells appeared to be neurons but not glial cells, suggested by their relatively larger size and more circular and lightly staining pattern as compared to their smaller, irregular, and intensely stained nuclei of glial counterparts (Purves et al., 2001). To confirm this, double-immunostaining with NeuN was performed, and the results showed that, indeed, most of the Alex546-Ins-bindings were on the membrane of NeuN^+^ neurons, which is clearly demonstrated in the SN regions (**Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}**). Moreover, the distribution of Alex546-Ins-binding cells was heterogeneous. For example, the majority of Alex546-Ins bindings were localized on hippocampal CA pyramidal neurons but not surrounding glial cells (**Figure [2D](#F2){ref-type="fig"}--[F](#F2){ref-type="fig"}**), while in the cortex, scattered fluorescence-labeled cells were only found in the deeper layer (**Figure [2G](#F2){ref-type="fig"}--[I](#F2){ref-type="fig"}**). We also determined the specificity of red fluorescence bindings by immunostaining with anti-human specific insulin antibody. We found that the red fluorescence bindings were co-localized with anti-human insulin immunoreactivity (**Figure [2J](#F2){ref-type="fig"}--[L](#F2){ref-type="fig"}**), suggesting that the red fluorescence was from specific binding of Alex546-Ins but not unlabeled fluorescence.

![Alex546-insulin primarily binds to neurons.\
Alex546-Ins bindings, which appeared to be localized on cell membranes, co-localized with NeuN^+^ cells across different brain regions (indicated by arrowheads). Representative images show double-labeling in the SN (A--C), hippocampus CA1 (D--F), and dorsal layer IV of cerebral cortex (G--I). The red fluorescence labeling also showed positive immunoreactivity with anti-human specific insulin antibody (arrows in J--L). Scale bars: 50 µm. NeuN: Neuronal nuclei; SN: Subtantia nigra; DAPI: 4′,6-diamidino-2-phenylindole.](NRR-14-1046-g002){#F2}

Activation of pAkt in insulin-binding neurons including DA neurons in the SN {#sec2-7}
----------------------------------------------------------------------------

Our next step was to assess insulin bioavailability and biological signaling in the SN by examining the distribution of Alex546-Ins binding cells and downstream signaling of IR in the SN area by immunofluorescence. First, we determined whether Alex546-Ins bind to DA neurons, using double-labeling of NeuN and TH combined with Alex546-Ins. As shown in **[Figure 3](#F3){ref-type="fig"}**, some of the TH^+^ neurons co-localized with Alex546-Ins, suggesting that once reaching SN area, insulin could bind to DA neurons and possibly induce biological responses. Indeed, double-immunolabeling showed that pAkt was activated in those DA neurons, but not in the SN of control rat brains (**[Figure 4](#F4){ref-type="fig"}**).

![Identification of Alex546-insulin binding cells in the SN.\
Immunostaining showed co-localization of Alex546-insulin with some of the TH^+^ neurons in the SN (arrowheads, A--C). Nuclei were counter-stained with DAPI. Scale bars: 50 µm. SN: Subtantia nigra; TH: tyrosine hydroxylase; DAPI: 4′,6-diamidino-2-phenylindole.](NRR-14-1046-g003){#F3}

![Activation of pAkt in dopaminergic neurons of the SN at 30 minutes following intranasal insulin administration.\
Double-immunostaining showed that pAkt was activated in Alex546-insulin binding TH^+^ neurons in the SN of insulin-treated rats (arrowheads in A--D), which was non-detectable in the controls (E--H). Scale bars: 50 µm. pAkt: Phosphorylated Akt; SN: subtantia nigra; TH: tyrosine hydroxylase; TRITC: tetramethylrhodamine isothiocyanate.](NRR-14-1046-g004){#F4}

Discussion {#sec1-4}
==========

Here we showed that intranasal insulin could rapidly gain access to not only the olfactory area and brainstem, two regions known to retain a significant amount of insulin or other peptides following intranasal application, but also deep structures including the striatum, thalamus, and SN. Moreover, we provide evidence that insulin could activate Akt signaling in DA neurons of the SN, suggesting that insulin could act like a neurotrophic factor to protect DA neurons against degeneration.

Insulin is produced by pancreatic beta cells to regulate blood glucose in the periphery, while in the CNS, it is a multifaceted peptide regulating a number of brain functions including satiety, neurodevelopment, synaptic plasticity, and energy metabolism (Zemva and Schubert, 2014). In homeostasis, the levels of brain insulin are likely reflective of mixed central and peripheral origins. Glial cells synthesize insulin de nova, while insulin could also be transported from the blood to the brain by active transporters at the interface of BBB (Ghasemi et al., 2013). However, the latter mechanism is limited in its capacity so that systemic administration of insulin unlikely achieve therapeutic concentrations in the brain, not to mention potential serious complications of this approach. For these concerns, the intranasal route has been used exclusively in animal models and clinical trials to test therapeutics of insulin in CNS disorders. Although the effectiveness of intranasal brain delivery is known for decades, studies on the pharmacokinetics of macromolecules are limited. One of the early brain distribution studies showed that I^125^-interferon-β1b (an 18.5 kDa peptide) was detected in the cerebral spinal fluid (CSF) of monkeys as early as 30 minutes upon intranasal administration (Thorne et al., 2008). Subsequently, Born et al. (2002) reported that upon nasal insulin spray (40 IU) in human subjects, there was a rapid accumulation of insulin in the CSF, which started to rise at 10 minutes, peaked at 30 minutes, and remained significantly elevated at 80 minutes. Because the accumulation of insulin in the CSF is likely delayed in relative to the parenchyma, these studies suggest that insulin might reach brain tissue rather rapidly (*e.g.*, within 30 minutes) through certain novel routes. Consistent with this notion, here we demonstrated a fast brain insulin transport in rats that peaked around 15--30 minutes following intranasal administration. Although insulin levels declined substantially from 15 minutes afterward, it remained significantly higher than baseline levels at 6 hours in several brain regions.

The olfactory and trigeminal nerves, both innervate the nasal cavities, are known to be responsible for the nose to brain drug transports. At the cellular level, it is proposed that either intracellular (*via* axons of olfactory and trigeminal nerves) or extracellular (*via* interstitial fluid) mechanisms are involved. The rapid rate of transport, as observed in human (Born et al., 2002), monkeys (Thorne et al., 2008), as well as rats in our study, strongly favor the extracellular mechanism, since the speed of retrograde axonal transport is rather slow (Maday et al., 2014). It is likely that other mechanisms are also involved in promoting high speed extracellular transport, as simple diffusion through extracellular space is still a slow process. For example, Iliff et al. (2013) proposed that such fast movement of macromolecules through interstitial fluid might be driven by a pump mechanism such as the pulse of blood flow.

An interesting observation in this study is that Alex546-insulin exclusively binds to neurons but not glial cells. An early study reported that in rats, the vast majority IR immunoreactivity co-localized with neurons, including CA1/CA2 pyramidal neurons in the hippocampus and somatostatin^+^ neurons in the hypothalamus, but not GFAP^+^ astrocytes (Unger et al., 1989). Neurons and synaptic membranes mainly express IR-A isoform, but the expression of IR on glial cells is less defined. Regard IR distribution, ^125^I-insulin binding sites were found in the OB, neocortex, basal ganglia, hypothalamus, and the cerebellum of rat brain (Hill et al., 1986). Similarly, abundant IR mRNA signals were observed in the OB, cerebellum, dentate gyrus, hippocampus, piriform cortex, choroid plexus, and hypothalamus (Marks et al., 1990). In our study, brain regions with Alex546-Ins binding are mostly consistent with IR distributions reported in the above papers, except the cerebral cortex. Although Alex546-binding cells were noted in deep layers (V to VI) of the cerebral cortex, the outer layers (I to IV) were almost devoid of florescence signals. There was, however, a minimal amount of insulin detected in the cerebral cortex at 1 hour by ELISA, although it was not statistically different from baseline levels, possibly due to two factors. First, a large volume of the whole cortex used in protein extraction might lead to a further dilution of insulin concentration, which was already much lower in the deep layer as compared to other regions. Second, because the variation of insulin contents between individual animal is rather large while the sample size is relatively small, the power may not be sufficient to detect statistically significant differences in the cortex. Although this is also true for other regions, their large effect sizes offset this limitation and allow detecting statistical significance when compared to the baseline control (which is zero). Nevertheless, based on our findings, we proposed a model by which intranasal insulin reaches brain parenchyma. As shown in **[Figure 5](#F5){ref-type="fig"}**, rh-Ins first reaches the OBs and brainstem *via* extracellular transport mechanisms and then diffuses towards adjacent structures at a rather fast speed.

![A schematic illustration of pathways for nose-to-brain insulin transport.\
The olfactory and trigeminal nerves are two major routes (red arrows) that initially transport intranasal insulin into the brain parenchyma. Anatomically, the ventral tegmental area (VTA)-substantia nigra (SN) sits at the most ventral part of the midbrain and is in proximity with the brainstem, making it possible to retain a relatively high concentration of insulin diffused from the brainstem *via* interstitial fluid.](NRR-14-1046-g005){#F5}

In addition to general brain distribution, we were particularly interested in determining the bioavailability of insulin in the SN following intranasal administration. We provide evidence that intranasal insulin could reach the SN-VTA region. Since SN is in close proximity to the brainstem, it is likely insulin diffused to the SN from the brainstem, which retained the highest insulin levels among all brain regions examined. This suggests that the trigeminal nerve is quite efficient in insulin transport, at least in rats. Moreover, we found that pAkt is activated in a subset of Alex546-Ins binding DA neurons in the SN further indicating that insulin is sufficient to initiate downstream biological responses in these DA neurons. Large bodies of studies demonstrated that insulin could protect cultured neurons against a variety of insults. For example, insulin protected cultured cortical neurons against serum deprivation-induced apoptosis by activating the PI3K/Akt but was independent of the MAPK pathway (Ryu et al., 1999). Similarly, insulin was protective of cultured retinal neurons against H~2~O~2~-induced apoptosis (Yu et al., 2006). In addition to neurotropic and/or anti-apoptotic effects, insulin also modulates the releasing of a number of neurotransmitters including dopamine, norepinephrine, and GABA *via* activating synaptic IR (Gralle, 2017). These effects may provide benefits in ameliorating symptoms such as depression and sleep dysregulation, which are common in major neurodegenerative disorders.

In summary, data from this study along with our previous work (Pang et al., 2016) provide strong evidence that intranasal insulin could effectively reach deep brain structures including the nigrostriatal pathways, where it binds to DA neurons and activate intracellular cell survival signaling to counteract DA neurodegeneration. Furthermore, the multiple central actions of insulin and practical intranasal application make it a potential treatment option for other neurodegenerative disorders beyond AD and PD.
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